Unusual Metallic Conductivity of Underdoped and Optimally Doped Cuprates: 
Evidence for Competing Fermi-Liquid and Pairing Pseudogap Effects 
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We propose a possible scenario for the new metallic conductivity of underdoped and optimally 
doped cuprates. Charge carriers are assumed to be large polarons which form a Fermi-liquid and 
Cooper- like pairs below a crossover tempurature T* . We use the Boltzmann equation to calculate 
the conductivity of self-trapped carriers and the resistivity p as a function of temperature and 
doping for different cuprates. We show that various anomalies in p{T) below T* are caused by 
the competing Fermi-liquid and BCS-like precursor pairing effects. Our results for p fit well with 
existing experiments and characterize high- Tc cuprates with an intermediate-coupling. 
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Understanding the normal-state charge transport 
properties of the high- Tc cuprates remains one of the 
central issues in condensed matter physics P, S S 0- 
Many experimental studies 0, 0| have shown that 
in the underdoped and optimally doped cuprates, the re- 
sistivity p shows anomalous temperature dependences as 
well as a complicated doping dependence. There is much 
evidence for the crossover regime at some temperature 
T* > Tj, in these materials and p shows a T-linear depen- 
dence above T*. However, for the underdoped cuprates 
p{T) starts to deviate downward from the T-linear be- 
havior below T*. In contrast, in the optimally doped 
cuprates, p{T) is roughly linear below T*. Sometimes 
the anomalous resistive transitions (i.e., a sharp drop and 
small jump in p(T)) are observed at T* in some cuprates 
(see, Refs. H O)- The anomahes in p(T) aX T < T* 
are thought to arise from a pseudogap (PG) state which 
has been observed by NMR, ARPES and other exper- 
iments m [Ulil. The origin of the PG is stiU con- 
troversial. A number of theoretical models have been 
proposed, which rely on different non-phononic mech- 
anisms of pairing (inc luding precursor superconducting 
(SC) fluctuations) |l4l Il5|. On the other hand, there is 
convincing experimental evidence for a strong electron- 
phonon interaction in the cuprates 0, 0, . One pos- 
sible scenario involving electron-phonon interactions is 
based on the BCS-like non-SC (i.e., precursor) pairing 
model It was postulated in this model that the for- 
mation of the non-SC Cooper-like polaron pairs is quite 
possible in the normal state, while their condensation 
into a superfluid Bose liquid state would occur only at 
Tc- Further, it was argued that the pairing PG and true 
SC gap have different origins and coexist below T^- Re- 
cent experimental results |l9l |20j support such a picture 
and put much more severe constraints on theories of pre- 
cursor SC fluctuations. The opening of the pairing PG in 
the normal state of the cuprates should affect their trans- 
port properties. But the effect of the BCS-like non-SC 
gap (or PG) on the charge transport in cuprates has not 
previously been studied. Another open question is the 



relevance of a Fermi-liquid picture to the normal state of 
the underdoped and optimally doped cuprates 0, 0| . 

So far, the T-linear resistivity in the cuprates have 
been explained in terms of non-Fermi-liquid (including 
the RVB , marginal Fermi-liquid [22| and bipolaronic 
23j) models and different Fermi-liquid scenarios (see Ref. 

). However, rather little is known theoretically 0,13 
about the above anomalies in p{T) and how the electron- 
phonon coupling, Fermi-liquid and BCS-like precursor 
pairing correlations influence on the normal-state charge 
transport properties of high- Tc cuprates. 

In this letter, we address these questions and propose 
a possible scenario for the new metallic conductivity of 
underdoped and optimally doped cuprates. A key is that 
the doped carriers in these materials above T* are the 
non-interacting large polarons, while below T* they form 
a polaronic Fermi-liquid and Cooper-like pairs. These 
large polarons are scattered by acoustic phonons. We 
argue that the T-linear resistivity in underdoped and op- 
timally doped cuprates above T* is due to the carrier- 
phonon scattering. We then show how the competing 
Fermi-liquid and BCS-like precursor pairing correlations 
lead to the characteristic deviations from the T-linear 
behavior in p{T) below T* and the distinctly different 
resistive transitions at T*, which are very similar to the 
existing experimental data on cuprates. We find that 
the Fermi-liquid parameter Ff decreases as the BCS-like 
pairing PG or T* grows towards underdoped regime. 



Relevant charge carriers in doped cuprates. — The un- 
doped cuprates are the charge-transfer (CT)-type Mott 
insulators. Upon doping the oxygen valence band of the 
cuprates is occupied by holes. These charge carriers be- 
ing placed in a polar crystal will interact with the acous- 
tic and optical phonons, and the ground states of the 
doped carriers interacting with lattice vibrations are their 
self-trapped (polaronic) states lying in the CT gap of 
cuprates. Theoretical 0| and experimental '2^ studies 
show that the relevant charge carriers in doped cuprates 
are polaronic quasiparticles and the electron-phonon in- 
teraction is responsible for the enhanced polaron mass 
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nip = 2 — 2.5me 113 (where nie is the free electron 
mass) . 

Large-polaron transport above T* . — As the doping 
X (e.g., in La2-a:Sra;Cu04) is increased towards the un- 
derdoped level, the hole-doped cuprates evolve towards 
intermediate electron-phonon coupling regime and enter 
the strange metallic state. We assume that the doped 
carriers in the metallic state of high- Tc cuprates are 
degenerate large polarons and form a non-interacting 
Fermi-gas above T* . We calculate the conductivity of 
these polarons using the Boltzmann equation in the re- 
lation time approximation. The Fermi energy of large 
polarons ep = (fi^ /2mp){3n'^np)^^^ (where Up is the con- 
centration of large polarons) is of order 0.1 eV or greater 
and the condition ep ^ ksT is satisfied even well above 
T*. We argue that the scattering of large polarons by 
acoustic phonons determines their transport relaxation 
rate which depends on the polaron energy s and is linear 
in temperature [isf : 



1 _ ^g(2mp)3/2gi/2fcgr 



(1) 



where Ed is the deformation potential, pM is the density 
of the materials, Vs is the sound velocity. 
The conductivity a is then calculated as 



2npe^ 



Je^^^T{e){dfo/de)de 



(2) 



where /o(e) = [1 + exp(e/fcBr)]~^ is the Fermi distri- 
bution function. The integrals in Eq. (2) can be eval- 
uated using the standard approximations — dfo/de — 
S{e — £_f), /o(£ < sp) = 1 and fo{e > ep) = 0. Hence, for 
T > T* the conductivity is given by 



2TTh'^npe'^PMVg 
Ej{2mp)5/^ey^k, 



T 



(3) 



Fermi-liquid and BCS-like precursor pairing correla- 
tions below T* . — We now turn to the Fermi- liquid 
and BCS-like precursor pairing scenarios below T* . We 
now make the key assumption that the large polarons 
begin to form an interacting Fermi-liquid and non-SC 
Cooper-like polaron pairs below T*. In this case, in 
addition to the contribution of the electron-phonon in- 
teraction to the carrier effective mass, there is a con- 
tribution from the carrier-carrier interaction. The po- 
laron mass rup is then altered to m* = mp(l -|- \Fl), 
where ¥( is the Landau parameter. In principle, the 
BCS-like pairing of carriers may occur, depending on 
the electron-phonon coupling strength, not only at 
but also far above Tc jlSj. In the weak-coupling regime, 
the pure dynamic-phonon-mediated BCS pairing occurs 
at Tc- While in the strong-coupling limit, the static- 
phonon-mediated non-BCS pairing occurs in the real 




FIG. 1: Temperature dependence of p calculated for an un- 
derdoped (curve a) and optimally doped (curve b) system ex- 
hibiting distinctly different Fermi-liquid and PG behaviors. 



space. Hence, the combined static- and dynamic-phonon- 
mediated BCS-like pairing at some temperature T* > Tc 
should occur in the intermediate-coupling regime. 

A generalized BCS-like formalism, applied to self- 
trapped quasiparticles with a well defined density of 
states -D(e), leads to the following gap (or PG) equation: 



A.(fc,T)^-Vy..^4^tanh^i^, 
^ ' ^ 4^ '2E{k',T) 2kBT ' 



(4) 



where E{k,T) ^ y/s^{k) + Al{k,T),Vkk' is the pair in- 
teraction potential between polarons approximated as 







Vkk' = 



Vc-Va, 0<e{k),sik') <eA, 
Vc SA<e{k),e{k') <ec, 
otherwise. 



(5) 



with the cut-off energies ea — EbB + and Sc ^ £a 
for the attractive Va and repulsive Vc parts of Vkk' , re- 
spectively, EbB is the binding energy of a large bipo- 
laron (real space pairs) , w is a characteristic phonon fre- 
quency. The solution of Eq. (4), which is obtained nu- 
merically using the model potential (5), gives Ap{T). 
The PG temperature T* corresponding to Ap{T*) — 
is given by l.TefcsT* = Af(0) = e^/ sinh(l/Ai3cs), 
where Xbcs — D{0)V is the BCS-like couphng con- 
stant, V = Va - Vc/[1 + D{0)VcHec/eA)] is the ef- 
fective pairing potential. Below T*, almost all polarons, 
which take part in conduction, have the energies smaller 
than ea and Fermi distribution function has the form 
/o(£) = [1 + cxp(ve^TAj/fcBT)]-i. The contribution 
of polarons with e > to the conductivity is negligible 
and can be ignored. Thus, the conductivity below T* is 
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FIG. 2: The calculated temperature dependence of p (solid 
line) compared with experimental data on YBa2Cu306.6i 
(taken from Ref. [5]) (open circles) 



FIG. 3: The calculated temperature dependence of 
p (solid line) compared with experimental data on 
Bi2Sr2Cao.92Yo.o8Cu208 (taken from Ref. [7]) (open circles) 



given by 

A -J {/o(£)[l - /o(e)]/Vi^TA|:} e^de 
^{T)^^ , (6) 



where A = Anh'^npe^pMV^jSEj [2mp(l + ^i^f )]^^^ 

Competing Fermi- liquid and pairing pseudogap effects. 
— We use the solution of Eq. (4) to calculate a{T <T*) 
by numerical integrating Eq. (6). Here and below we 
use the fixed value ea — O.OSeV. Since, E^b increases 
with increasing the electron-phonon interaction strength, 
while <jj decreases due to the phonon softening. Hence, 
Ea is nearly independent of doping. The Fermi energy 
for undoped cuprates is about Ep = 7 eV and E^ 
is estimated as Ed = {2/3)Ep. The values of pm and Vg 
lie in the ranges pM — 6 — 7 g/cm^ and ~ (5 — 7) • 
Kf'cm/s |l|,|30|. Here we take pM = 6 gjcw? and Vs — 
5-10^ cm/ s. To illustrate the competing Fermi-liquid and 
pairing PG effects on the resistivity p{T) = po + ^l^{T) 
(where po is the residual resistivity), we show in Fig. 
1 results of our calculations for an underdoped (curve a) 
and optimally doped (curve h) system obtained using the 
parameters nip = 2.2me,F{ = 0.15, Ascs = 0.67, T* = 
250K,np = 0.46 • 10^^cm~^,po = 0,2mncm and nip = 
1.7me,F{ = l.S, Xbcs = 0.49, T* = UOK,np = 0.85- 
10^^cm~^,po = 0.02milcm, respectively. We find that 
the anomalies (i.e., a sharp drop and small jump) in p(T) 
reflect the competing Fermi-liquid and PG effects below 
T*. These anomalies in p(T) are similar to the resistive 
transitions observed above Tc in some cuprates 0, ^3 ■ 
The Fermi-liquid effect is expected to disappear in the 
heavily underdoped regime. 

Comparison with existing experiments. — For 



TABLE I: Fitting parameters for underdoped and optimally 
doped cases. The values of T* are taken from Refs. [5-8] 



Sample 




Fl 


\bcs 


T\ 


po 










K 


(mQcm) 


YBaaCusOg.i 


0.52 


0.60 


0.557 


180 


0.020 


Bi2Sr2Cao.92Yo.o8Cu08 


0.50 


0.57 


0.585 


200 


0.214 


Lai.92Sro.o8Cu04 


0.50 


0.54 


0.585 


200 


0.210 


Lai.85Sro.i5Cu04 


0.80 


1.44 


0.508 


150 


0.017 



the comparison with existing experimental data we 
also present our results for T-dependent resistivity 
in underdoped YBa2Cu306.i, Bi2Sr2Cao.92Yo.o8Cu208, 
Lai.92Sro.o8Cu04 and optimally doped Lai.85Sro.i5Cu04 
with the appropriate sets of fitting parameters. Some 
relevant parameters were: (i) nip = 2.Znie,pM = 
6.4 g/cm? and = 6 • IQ^cm/s for YBa2Cu306.i; (ii) 
rup — 2.2me,pA/ — 6 g/cm^ and Vs = 4.7 • lO^cm/s 
for Bi2Sr2Cao.92Yo.o8Cu08; (iii) nip = 2.2me,PM = 
6.1 g/cm^ and Vg = 5-lO^cm/s for Lai.g2Sro.o8Cu04 and 
(iv) rUp = LSwe, Pm = 6.9 g/cvrt' and Vs = 5.5 • lO^cm/s 
for Lai.85Sro.i5Cu04. Other fitting parameters are pre- 
sented in Table 1. The best fits are obtained (see Figs. 2- 
5) if the combined Fermi-liquid and PG effects are taken 
into account. We believe that the present theory de- 
scribes well both the T-linear behavior of p{T) above T* 
and the distinctly different deviations from the T-linear 
behavior in p{T) below T* . One can see that the gradual 
evolution of p{T) with doping from a pronounced non- 
linear behavior in the underdoped regime to the nearly 
T-linear behavior at some optimal doping is associated 
with the competition between Fermi-liquid and PG ef- 
fects. For larger values of the PG A^-, the Fermi- liquid 
parameter Tf will be smaller. 
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FIG. 4: The calculated temperature dependence of p (solid 
line) compared with experimental data on Lai.92Sro.o8Cu04 
(taken from Ref. [8]) (open circles) 
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FIG. 5: The calculated temperature dependence of p (solid 
line) compared with experimental data on Lai.8BSro.iBCu04 
(taken from Ref. [6]) (open circles) 



In conclusion, we have studied the unusual metallic 

conductivity of self-trapped carriers (large polarons) in 
the normal state of underdoped and optimally doped 
cuprates. These quasiparticles are assumed to form a 
nonintcracting polaronic gas above T* and an interact- 
ing polaronic Fermi- liquid below T* . We argue that the 
linear T-resistivity in underdoped and optimally doped 
cuprates could actually be due to carricr-phonon scatter- 
ing. We have found that the distinctly different anoma- 
lies (e.g., a sharp drop and small upturn, a gradual 
downward deviation from the T-lincar behavior, vanish- 
ing nonlinearity) in p{T) occurring in these materials at 
T* or below T* are caused by the competing polaronic 



Fermi-liquid and pairing PG effects. The proposed the- 
ory gives a good quantitative description of the system- 
atic evolution of p{T) with doping observed in cuprates. 
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